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Abstract
According to the Standard Model (SM), we expect to find a proton for each decaying neutron.
However, the experiments counting the number of decayed neutrons and produced protons have
a disagreement. This discrepancy suggests that neutrons might have an exotic decay to a Dark
Sector (DS). In this paper, we explore a scenario where neutrons decay to a dark Dirac fermion χ
and a non-abelian dark gauge boson W ′. We discuss the cosmological implications of this scenario
assuming DS particles are produced via freeze-in. In our proposed scenario, DS has three portals
with the SM sector: (1) the fermion portal coming from the mixing of the neutron with χ, (2) a
scalar portal, and (3) a non-renormalizable kinetic mixing between photon and dark gauge bosons
which induces a vector portal between the two sectors. We show that neither the fermion portal
nor the scalar portal should contribute to the production of the particles in the early universe.
Specifically, we argue that the maximum temperature of the universe must be low enough to
prevent the production of χ in the early universe. In this paper, we rely on the vector portal to
connect the two sectors, and we discuss the phenomenological bounds on the model. The main
constraints come from ensuring the right relic abundance of dark matter and evading the neutron
star bounds. When dark gauge boson is very light, measurements of the Big Bang Nucleosynthesis
impose a stringent constraint as well.
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I. INTRODUCTION
Even though the Standard Model (SM) of particle physics can explain almost all observed
phenomena, we are certain there exits physics beyond the SM. One of the most prominent
questions in the particle astrophysics community is the nature and origin of dark matter
(DM). So far, we have not observed any unambiguous detection of DM. However, numer-
ous experimental anomalies may be a hint of DM interaction with the SM. One of these
experiments is the measurements of the neutron lifetime.
Due to the importance of neutrons as one of the main building blocks of luminous matter
and one of the key role players in the formation of light elements in the early universe,
there have been several experiments that attempt to find the lifetime of the neutrons [1–
10]. In the SM, we expect the branching ratio of a neutron to a proton, an electron, and a
neutrino (n→ p+ e+ ν¯e) to be 100%. In an experiment known as the bottle experiment [1–
8], ultracold neutrons are stored for a time comparable to the neutron lifetime, then the
remaining neutrons are counted. This experiment finds the total decay width or equivalently
the lifetime of the neutrons. Their finding is τbottlen = 879.6 ± 0.6s. In another experiment
known as the beam experiment [9, 10], the number of produced protons are counted, and
their finding has been announced to be τbeamn→p+... = 888.0 ± 2.0s. The lifetime of neutrons
in these two experiments differ by 7.6s by 4σ, which constitutes about 1% branching ratio
of the neutron. The aforementioned discrepancy may be the result of an exotic decay of
neutrons to the dark sector. Due to the close mass of neutrons and protons and their
intimate structures, the easiest way to ensure an exotic decay of a neutron and the stability
of protons is to assume the total mass of the exotic decay of neutron Mf is greater than
the mass of proton and electron: mn > Mf > mp −me. Furthermore, any baryon number
violating process is severely constrained [11–25]. Therefore, we are led to consider scenarios
where neutrons can decay to a new degree of freedom that has a baryonic charge.
Numerous studies have explored different possibilities [26–43]. The most minimalistic
scenario discussed in the literature is n → χγ, where χ is a fermionic DM that has a
baryonic charge. If we assume mp < mχ < mn, we expect Eγ < 1.572 MeV [26]. However,
experimental measurements disfavor this scenario [44, 45] for a photon with an energy in the
range 0.782 MeV < Eγ < 1.664 MeV up to 2.2 sigma. Softer photons remain unexplored.
Extending the scenario to include another φ with mass mφ < 1.572 MeV is also another
possibility. An important ingredient for both of these scenarios is a mixing between the
neutron and χ, which has an effective Lagrangian of
Leff = χ¯(i /D −mχ)χ− n¯(i/∂ −mn + µnσµνFµν)n− δmn¯RχL. (1)
To resolve the neutron lifetime discrepancy, δm is expected to be about 10−11 MeV [26].
A conversion of neutrons to χ with such strength has important consequences in the equation
of states of Neutron Stars (NSs) [28]. That is the decay of neutrons in the NS cause the
equation of state (pressure and energy density of the neutron star) to alter significantly, and
thereby affect the mass and volume of NSs. Specifically, if neutron and χ are in chemical
equilibrium, due to the less interaction of χ comparatively, the conversion of neutrons to χ
leads to a lower pressure. Integrating the Tolman-Oppenheimer-Volkoff equations [37, 39,
40, 46–51], one can find the maximum mass of an NS as a function of its radius, and the
upper limit is in contradiction with the properties of some of the neutron stars observed [28].
The simplest solution is to consider DM scenarios that have repulsive self-interaction and a
repulsive interaction with neutrons. That is to have a vector mediator, e.g. a dark photon.
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In Ref. [28], the authors considered the decay of n → χA′. To ensure the theory is
consistent with the observation of dense NSs with radius 2M, we need mA′/gD . (45 −
60) MeV, where gD is the gauge coupling of the U(1)D. In this setup, we also have a mixing
between the dark gauge boson and the SM photon:
L = − 
4
F ′µνF
µν , (2)
which induces dark photon - electromagnetic current interaction with a coupling proportional
to . The authors of Ref. [28] did an extensive phenomenological study of this scenario, and
showed that the parameter space for mA′ < 2me is severely constrained, while the case
where mA′ > 2me is slightly better. One of the main constraints comes from the era of
Big Bang Nucleosynthesis (BBN), which requires dark photon to decay early enough that it
won’t inject much energy during BBN. One way to escape this constraint is producing the
dark sector (DS) particles via freeze-in. In this paper, we explore this possibility and show
that a χ that is a stable DM candidate and can justify the neutron decay experiments will
necessarily over-close the universe. Thereby, we must require the maximum temperature
of the universe to be low enough that χ is not produced in the early universe. To explain
the relic abundance of DM, we need to rely on the dark photon or the scalar, both of
which are unstable particles. Hence, in this paper, instead of a dark U(1)D, we consider
a dark non-abelian gauge SU(2)D, because even though it does not have any more free
parameters, the extra degrees of freedom helps with explaining the two observations of DM
and neutron decay. Furthermore, for the freeze-in scenario to work, we should employ very
small kinetic mixing, and this is more justified in the non-abelian kinetic mixing because of
its non-renormalizable nature. The main differences between our work and Ref. [28] are the
followings:
– In this paper, DS has a gauge SU(2)D rather than a gauge U(1)D.
– We assume the relic abundance of DS particles is through freeze-in.
– We turn off the scalar portal between the two sectors. More specifically, in the potential
term λφH |φ|2|H|2 – with φ being the scalar responsible for the spontaneous breaking
of the SU(2)D and H being the SM Higgs – we take λφH = 0. We argue that the
radiative correction is very suppressed, and thus our assumption is justifiable. This
choice of λφH has important consequences for the relic abundance of DM.
The organization of the paper is as follows: In section II we explain the model and
introduce the degrees of freedom as well as the free parameters in the theory. Section III is
denoted to the phenomenology of the model including the constraints from NSs, the neutron
decay experiments, and the cosmological constraints which is discussed in Section III A.
Direct Detection and Collider Constraints are explored in Section III C, and finally, the
concluding remarks are presented in the Conclusion IV.
II. MODEL
Let us assume Dark Sector has a gauge SU(2)D that is spontaneously broken by a doublet
φ:
φ =
( 1√
2
(G1φ + iG
2
φ)
ϕ+ vφ + iG
3
φ
)
, (3)
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where Giφ are the Goldstone bosons, which become the longitudinal component of the gauge
bosons, and vφ is vacuum expectation value (vev) of φ. To ensure φ indeed acquires vev, we
require its potential to have the following form:
V (φ,H) = −µ2φ|φ|2 + λφ|φ|4 − µ2H |H|2 + λH |H|4 + λφH |φ|2|H|2, (4)
with µ2φ > 0. Since neutron is a fermion, the decay of a neutron to DS particles compels us to
include fermionic degrees of freedom. Thereby, we introduce a Dirac fermion χ transforming
as a doublet under SU(2)D: χ
T = (χ1, χ2). Since there are severe constraints on the baryon
number violating models [11, 12], we assume χ has a baryon charge of +1. The effective
Lagrangian becomes
LNP =− 1
4
W
′a
µνW
′a,µν + iχ¯( /D +mχ)χ+ |Dµφ|2 + ηχ¯Lφn+ h.c.
+ CY φ
†τaφW
′a
µνF
µν + C˜Y 1φ
†τaφW
′a
µνF˜
µν + C˜Y 2φ
†τaφW˜
′a
µνF
µν + h.c
− V (φ,H), (5)
where W
′a
µν is the field strength tensor of SU(2)D and W˜
′a
µν = µναβW
′a,αβ is the dual of the
field tensor, and Dµ = ∂µ − igDτaW aµ . Once φ acquires vev, a mixing between the neutron
and χ1 is induced, which results in the conversion of neutrons to χ and other dark sector
particles.
The Lagrangian terms written in the second line of Eq. 5 are the non-abelian kinetic
mixing between SU(2)D gauge bosons’ and the photon’s field tensor. Due to the presence of
φ in these terms the kinetic mixing with the CP-odd component is not a total derivative, and
thus contribute to the action. For simplicity, we assume C˜Y ≡ C˜Y 1 = C˜Y 2. Note that the
kinetic mixing terms are dimension 6 operators and therefore have an inverse mass-squared
dimension. The suppressed mass dimension means there is a small couplings of the dark
gauge bosons with SM particles.
Note that with this setup, another effective Lagrangian term χ¯Lφpip can be written as
well. This term may lead to proton decay, χ1 decay, or neither depending on the mass
spectrum. We must assume mp < mχ < mn to ensure the stability of proton as the lightest
fermion charged under the baryon symmetry U(1)B. If mχ > mp + mpi, χ1 may decay.
However, in this paper, we fix mχ such that χ1 is also a stable particle.
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After SU(2)D Spontaneous Symmetry Breaking (SSB), W
′ and φ get a mass proportional
to vφ:
m
W ′ = gDvφ mφ =
√
λφvφ.
At low energies there is a residual Z2 symmetry remaining from the broken SU(2)D. Under
the Z2 symmetry, W
′± and χ2 are odd, and the rest of the particles are even. It has been
shown that to explain the neutron decay anomaly (n→ χW ′±) and yet be safe from the NS
constraint, we necessarily need to have mχ  mW ′ . Therefore, W
′± are the lightest particles
charged under Z2, and thus are stable. This is while W ′3 mixes with photon after φ gets a
vev, and thus it can decay (e.g, W ′3 → e+e− if mW ′ > 2me and W ′3 → 3γ for lighter W ′.)
Similarly, due to the φW ′3W
′
3 coupling we can have φ → γγ decay. It is worth mentioning
that W ′3 and/or φ could be long-lived DM candidates.
The free parameters in this model are the following:
1 Even though after φ acquires a vev, there is a slight mass splitting between χ1 and χ2, this mass splitting
is negligible compared with mχ. Therefore, for the rest of the paper, we will assume both χ1 and χ2 have
mass mχ and we will use χ to refer to both of them.
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• masses : mχ, mφ, vφ.
• couplings : η, gD, λφH , and CY , C˜Y with dimensions proportional to [M−2].
To find the cosmological constraints on the model, we need to briefly discuss the UV
completion of the model. This is very similar to the model suggested in Ref. [28]: two color
triplet scalars with hypercharge 1/3 ( Φ1 and Φ2) are introduced, where Φ1 is also a doublet
of SU(2)D. Thus, the UV Lagrangian can simply be written as
LUV = λ1d¯aPLχΦ1a + λ2abcu¯caPRdbΦ2c + µ1Φ1aΦ∗a2 φ, (6)
where in the effective theory
η =
βvφλ1λ2
m2Φ1m
2
Φ2
, (7)
with β being the factor derived from confinement of quarks to neutrons, and its value
β = 0.014 GeV3 is taken from Lattice QCD simulations [52]. Dijet searches at CMS [53]
and ATLAS [54] push the masses of φi to greater than 1 TeV.
Since Φi, with i = 1, 2 are charged under SU(3)c, we expect their number density in the
early universe to match that of photons (e.g., we expect them to be in thermal equilibrium
with thermal bath). Through their couplings with the dark sector, the production of χ and
subsequently φ and W ′ should occur in abundance. As shown in [28], such set up leads to
severe constraints from CMB [55–57], BBN [58], and the Fermi -LAT observation of gamma
rays from dwarf spheroidal galaxies [59, 60]. The summary of these constraints in presented
here:
– Once χ becomes non-relativistic, it can only annihilate to W ′W ′ and φφ efficiently.
Therefore, if χ is in thermal equilibrium in the early universe, the abundant production
of W ′ and φ becomes inevitable. On the other hand, W ′3 and φ can only decay after
φ acquires a vev, which roughly occurs around 60 MeV 2, and it is extremely close
to BBN. The decay of W ′3 and φ near the BBN disturbs the Hubble rate and thus it
significantly alters the production of light nuclei by diluting the baryon-photon ratio
as well as causing photodissociation of the nuclei.
– Similarly, decays near and during recombination will distort the CMB temperature
fluctuations and thus there are severe constraints on a model with light W ′ from CMB
as well.
– For mW ′  mχ, the annihilation of χχ to W ′W ′ is Sommerfeld at low velocities, which
leads to an enhanced annihilation cross-sections in spheroidal galaxies and at the time
of recombination. Therefore, it is crucial that we do not have much χ in the universe.
Thereby, in this paper, we explore another avenue. We assume dark sector particles
start with zero abundance in the early universe and they get produced through freeze-in
mechanism [61–63]. Consequently, in our set-up, we need the maximum temperature Tmax
to be smaller than mΦi so that they are not produced in the early universe. If the color
multiplets are not produced, then the production of χ is greatly reduced.
The portals between the dark sector and the SM sector are via (1) the Higgs portal with a
strength proportional to λφH , (2) the kinetic mixing governed by CY v
2
φ, and (3) the effective
2 This value is the maximum value allowed from the NS constraint
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mixing between χ and neutron which is ηvφ. For a successful freeze-in scenario, we need an
extremely weak connection between the dark sector and the SM sector. Since CY and η are
due to non-renormalizable interactions, we can justifiably assign them small values3. This
argument becomes more non-trivial for λφH , which in general can take any value . 1. If
we want to assign λφH a small value, we must make sure that this choice is safe from loop
corrections. The radiative correction to λφH comes from φφγγ vertex, which only opens
up after φ acquires a vev and even then it is suppressed – the coupling is proportional to
gDC
2
Y v
4
φ. Fig.1 shows one of the leading diagrams to radiative correction to λφH , and as it
is illustrated, in addition to the C2Y v
4
φ suppression, it is two loops suppressed. Therefore, if
the value of λφH is small at tree level, it does not get amplified much at loop levels. For
simplicity, in this work, we assume λφH = 0.
φ
φ
'
3W
'
3W
γ
γ
±W
±W
±W
H
H
φ
2vYC
φ
2vYC
Figure 1. The radiative corrections to λφH . As illustrated this coupling is suppressed by two
loops as well as C2Y v
4
φ, and thus it is very small. Therefore, if we let λφH = 0, we can easily make
sure the radiative corrections to λφH stay negligible.
Having closed the Higgs portal, now we need to discuss the evolution of dark sector
particles in the early universe, and how much they contribute to the relic abundance of the
total DM. In the following section, we discuss the phenomenological constraints on each of
these parameters including the ideal spot that explains the neutron decay anomaly and yields
the correct relic abundance of DM. Even though the number of free degrees of parameters
is large, the numerous experimental and observations bounds on these parameters forces us
to live in a small region of the parameter space.
III. PHENOMENOLOGY
One of the most important bounds on this model comes from NSs, where the conversion
of the neutron to χ can have significant consequences. If neutrons and χ are in chemical
equilibrium, it is favorable for the neutrons to convert into χ, which due to its almost
non-interacting nature, results in a lower pressure in the neutron stars. By integrating the
Tolman-Oppenheimer-Volkoff equation, one finds the maximum mass with respect to the
NS’s radius falls below the largest observed mass. Our scenario falls in the category that
there is a repulsive interaction between χ and the neutrons and thus can be safe from this
constraint as long as m
W ′/gD < 60 MeV [28, 46].
3 The value of η is governed by the neutron decay anomaly. Since η is derived from non-renormalizable
interaction, we expect its value to be small.
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Another important restriction in this model comes from neutron decay. As it has been
shown in Refs. [28, 44], the decay of neutron4 to χW ′ and χφ are
Γn→χW ′ '
η2(mn −mχ)2
8pimn
[
1−
(
mW ′
mn −mχ
)2]3/2
(8)
Γn→χφ ' η
2(mn −mχ)2
16pimn
[
1−
(
mφ
mn −mχ
)2]3/2
. (9)
We have already discussed that the mass of χ should satisfy mp + me < mχ < mn, in
order to both satisfy the neutron decay and yet be safe from stringent proton decay bounds.
To have a decay that is kinematically allowed, we must have mχ + Min
[
m
W ′ ,mφ
]
< mn.
Therefore, let us consider the following benchmarks:
• We consider two benchmarks where both W ′ and φ are light enough that both decays
mentioned in Eq. 9 are allowed. For one of these benchmarks, we take mφ > 2mW ′ :
mχ = 937.992 MeV, mφ = 1.4 MeV, and mW ′ = 0.5 MeV.
Note that in this benchmark, φ decays to W ′, and thus it is not a DM candidate. We
will denote this benchmark as A1. To justify the neutron decay discrepancy, we need
η ' 2.8× 10−11.
Another benchmark we choose is when mφ ∼ mW ′ :
mχ = 937.992 MeV, mφ = 1.4 MeV, and mW ′ = 1.4 MeV,
and we present this benchmark by A2. The η that explain the neutron decay is
η ' 7.6 × 10−11. It is worth mentioning that φ, in this benchmark, can decay to two
photons. However, depending on CY , φ can be a long lived DM candidate.
• Another scenario is when φ is heavy such that the decay n→ χφ is not kinematically
allowed. In this case, we will also take two different benchmarks; one where mφ >
2m
W ′ :
mχ = 937.992 MeV, mφ = 4 MeV, and mW ′ = 1.4 MeV,
which we use B1 to refer to this benchmark. Solving for the η that yields Br(n →
χW ′) ' 1% is η ' 9.3× 10−11.
Another benchmark, satisfies m
W ′ < mφ < 2mW ′ :
mχ = 937.992 MeV, mφ = 2.5 MeV, and mW ′ = 1.4 MeV.
This benchmark is presented by B2. Since the only parameter that has changed is mφ
and n→ χφ is forbidden, the desired η is still η ' 9.3× 10−11.
• We also consider another case where mW ′ is large enough that the decay of n→ χW ′
is not allowed. However, φ is light enough that allows the dark decay of neutrons:
mχ = 937.992 MeV, mφ = 1.4 MeV, and mW ′ = 2.5 MeV.
This benchmark is referred by C. The desired η to justify the neutron decay anomaly
is η ' 1.3× 10−10.
4 The decay of n→ χγ can occur via n¯σµνφ†χFµν . However, because of the null search for monochromatic
photon [44] and exacerbating the tension of the axial coupling of the neutron [64], we expect this coupling
to be very small and negligible in this study.
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A. Cosmology
In this section, we will discuss the cosmological constraints, and we will see satisfying the
relic abundance and making sure DM candidates do not over-close the universe gives the most
stringent bound for most of our benchmarks. Moreover, BBN, which strongly disfavors new
degrees of freedom injecting energy around the formation of nuclei in the early universe, puts
important constraints on some of the benchmarks. As mentioned earlier, the observation of
large neutron stars excludes part of the parameter space as well. The rest of the constraints
from various experiments and observations are also discussed in this section.
1. Relic Abundance
We are interested in a scenario where dark sector particles start with zero or negligible
abundance and then are slowly produced through their feeble interactions with SM particles.
First, we will discuss the production of χ as it will be important to set the maximum temper-
ature of the universe, then we will investigate the evolution of W ′ and φ in the early universe.
χ Production
Up until φ acquires a vev,5 the production of χ is due to qq → qφχ, where q = u, d. The
Boltzmann equation describing the evolution of χ number is
n˙χ + 3Hnχ =
∫
dΠq dΠq dΠq dΠφ dΠχ (2pi)
4(pi − pf) |M|2qq→qφχ fq fq, (10)
where dΠi =
d3pi
(2pi)32Ei
, and fq ∼ e−Eq/T is the distribution function of the quarks in thermal bath,
and s is the canonical Mandelstam variable. We can simplify Eq. 10 for any process that has three
final state particles [62]:
n˙χ + 3Hnχ =
T
(4pi)6
∫
dΩ
∫ ∞
0
ds s3/2|M|2qq→qφχK1
(√
s
T
)
, (11)
where K1(x) denotes the modified Bessel function of the second kind. Eq. 11 is in the relativistic
limit where the masses of the particles involved are negligible to the temperature. The squared
Matrix Element (ME) of qq → qφχ in the relativistic limit is
|M|2qq→qφχ ' 36
(
η
β
)2
s2. (12)
The integral over s in Eq. 11 has a closed form∫ ∞
0
ds s(2n+1)/2K1
(√
s
T
)
= 4n+1T 2n+3Γ(n+ 1)Γ(n+ 2), (13)
for n > −1. Therefore, we can easily calculate the right hand side of Eq. 10. The left hand side
5 we will assume that the temperature at which φ gets a vev is the value of vev itself Tvφ ∼ 60 MeV.
8
can be converted to yield (Y ≡ n/S) with S being the entropy density:
Yχ =
∫ Tmax
0
dT
{
− 1
SHT
[
T
(4pi)6
∫
dΩ
∫ ∞
0
ds s3/2|M|2qq→qφχK1
(√
s
T
)]}
' 3
5 ∗ 52
1.66× pi9
√
gρ?gS?
MPl
(
η
β
)2
T 5max × θ( Tmax −mχ)
'

6× 10−4 A1
4.3× 10−3 A2
6.5× 10−3 B1&B2
0.013 C
×
(
Tmax
GeV
)5
× θ( Tmax −mχ) (14)
where the second equality is obtained by using the definitions S = 2pi
2gS? T
3
45 and H =
1.66
√
gρ?T
2
MPl
,
and θ(x) is the step function that ensures the universe has enough energy to produce χ. There is
a constraint on the Yχ so that it does not over-close the universe:
Yχ ≤ Ωtotal DMρc
mχs0
' 6.6× 10−11 ×
(
GeV
mχ
)
, (15)
where for all of our benchmarks, the mass of χ is fixed to mχ = 937.992 MeV. It is clear that if
χ is produced, it quickly over-closes the universe. Thereby, we require Tmax < mχ to prevent the
production of χ in the early universe. In other words, even though χ is a stable particle, it does
not contribute to the relic abundance of the DM in the universe. Notice that these calculations
only depend on the coupling of χ with quarks and thus the results are the same if we had assume
a U(1)D instead of the SU(2)D.
W ′ and φ Production
For the case where λφH = 0, the main mechanism for the production of φ and W
′
µ is via the
kinetic mixing term. The leading diagram of W ′/φ production for T > vφ is shown in Fig. 2,
where JEM represents any particle (lepton or hadron) that has electromagnetic charge and has a
significant abundance at T < mχ. The Boltzmann equation governing the number density of W
′
and φ is similar to Eq. 11, and the squared ME for the process of our interest JEMJEM → φφW ′ is
the following:
|M|2
J
EM
J
EM
→φφW ′ =
Q4C2Y (4s
2 − 5s(t+ u)− 5tu)
4s
, (16)
with Q being charge of the initial state particles, and s, t, and u are the Mandelstam variables. In
the limit where s t, u, we get |M|2
J
EM
J
EM
→φφW ′ → Q4C2Y s. In Eq. 16, we have let mW ′ = mφ = 0,
because φ still has not acquired a vev. Note that W ′ and φ do not get thermal corrections as well,
since they live in a much colder sector. In the SM sector, however, for T  mSM(T = 0),
the thermal correction to the mass of particles becomes important. For simplicity, we assume that
mSM(T ) ∼ T . The only exception is for proton, where for T < mp, we assume mp(T ) = mp(T = 0).
Furthermore, we make the reasonable assumption that unstable particles decay more efficiently to
SM particles than annihilate to W ′ and φ. The yield of W ′ and φ coming from Fig. 2 is
YUVi ' giαMPl
3352 × C2Y
1.66× 24pi8
√
gρ?gS?
T 3max, (17)
where i = W ′/φ and gi represents the number of φ and W ′ produced.
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Figure 2. The Feynman diagram that leads to the production of φ and W ′, where JEM means the
electromagnetic current.
Once φ acquires a vev, the production of W ′3 can occur through renormalizable and non-
renormalizable operators, shown in Fig. 3. The renormalizable interaction that results in the
production of W
′± is illustrated in Fig. 4. For processes with two body final states, Eq. 10 simpli-
fies to [62]:
n˙i + 3Hni = gi
3T
(4pi)4
∫
dΩ
∫ v2φ
m2final
ds
(
s−m2final√
s
)
|M|2K1
(√
s
T
)
, (18)
where6 mfinal is the mass of the final state particles in each interaction. The exact value of the
squared matrix elements as well as the approximate yield of W ′3, W
′±, and φ can be found in
Appendix A. Depending on the benchmark, we can either have both W
′± and φ, or only W ′± as
our DM particles. However, since the production of φ and W
′± are through similar diagrams, these
two cases only differ by an O(1) factor. The region that produces too much DM (i.e, Ω
W ′ + Ωφ >
Ω
total DM
) is shown in Orange in Fig. 6. Even though φ is long-lived in some regions of the parameter
space and can contribute to the relic abundance of DM, this fact does not affect the computations
in a significant way. That is because the main production of φ and W ′ is due to Eq. 17. Therefore,
the bounds are not very sensitive to mφ.
2. CMB and BBN constraints
We know that W ′3 decays and if it injects energy during BBN, its energetic decay products
might disturb the production of the light nuclei by diluting the ration of baryons to photons.
Furthermore, the injection of energy may cause photodissociation which will affect the Cosmic
Microwave Background (CMB) fluctuations. To avoid these effects, we follow the convention of
Ref. [65] and require W ′3 to decay before it exceeds half of the energy density of the universe. The
temperature at which this occurs is
Tdom ≈ 4mW
′YW ′
3f
, (19)
where f = 1/2 is the fraction of the energy density of the universe made up by W ′. We require
that the lifetime of the W ′3 is smaller than H−1(Tdom). The lifetime of W ′3 if mW ′ > 2me is
τ
heavy
' 8pi
αC2Y vφmW ′
(
1−
(
2me
m
W ′
)2)−1/2
, (20)
6 The small differences between Eq. 11 and Eq. 18 are due to the number of final state particles, and the
fact that final state particles are massive after SU(2)D SSB.
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<latexit sha1_base64="wjFn2Om7lRmGgPyy xMaHJkgHmFI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoN4KXjxWMG2hjWWz3bRLdzdhd yOU0N/gxYMiXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCf xDxW3RBrypmkvmGG026iKBYhp51wcjv3O09UaRbLBzNNaCDwSLKIEWys5Hce+4kYVGtu3c2BVo lXkBoUaA2qX/1hTFJBpSEca93z3MQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh87Q2dWGaIoVrakQ bn6eyLDQuupCG2nwGasl725+J/XS010HWRMJqmhkiwWRSlHJkbzz9GQKUoMn1qCiWL2VkTGWGFi bD4VG4K3/PIqaTfq3kW9cX9Za94UcZThBE7hHDy4gibcQQt8IMDgGV7hzZHOi/PufCxaS04xcwx /4Hz+ALMRjpU=</latexit>
H
<latexit sha1_base64="FGmZKUrH8v0GgMBjV4wk868lgtY=">AAAB6 HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQb0FvOSYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvF vb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+d++wmV5rF8MJME/YgOJQ85o8ZKjVq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1 l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rw1p9ymaQGJVsuClNBTEzmX5MBV8iMm FhCmeL2VsJGVFFmbDYFG4K3+vI6aVXK3lW50rguVe+yOPJwBudwCR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZwSjMc=</latexit>
H
<latexit sha1_base64="FGmZKUrH8v0GgMBjV4wk868lgtY=">AAAB6 HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQb0FvOSYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvF vb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+d++wmV5rF8MJME/YgOJQ85o8ZKjVq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1 l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rw1p9ymaQGJVsuClNBTEzmX5MBV8iMm FhCmeL2VsJGVFFmbDYFG4K3+vI6aVXK3lW50rguVe+yOPJwBudwCR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZwSjMc=</latexit>
 
<latexit sha1_base64="VPFLzPmp+Pv7WIzeai3foMPgfTQ=">AA AB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQb0FvHiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFt fWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjMC1kmt3hCEgH654lf9OfAqCXJSQT ka/fJXb6BIKqi0hIMx3cBPbJiBtoxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYiYhcpwA7MsveTPzP66Y2vg4zJpPU UkkWi+KUY6vw7HU8YJoSyyeOANHM3YrJCDQQ6wIquRCC5ZdXSatWDS6qtfvLSv0mj6OITtApOkcBukJ1dIcaqIkIekTP6BW9ecp78d69j0 VrwctnjtEfeJ8/hYSPEA==</latexit>
 
<latexit sha1_base64="cGDkVO0sAhsROa ozzjkOk4sr5VU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbTbt 0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsbm1vbObmmvvH9weHRcO TltmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ3dzvPHFtRKIecZryIKYjJSLBKFrJ76dj QQaVqltzFyDrxCtIFQq0BpWv/jBhWcwVMkmN6XluikFONQom+azczwxPKZvQEe9ZqmjMTZA vjp2RS6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQb5EKlGXLFlouiTBJMyPxzMh SaM5RTSyjTwt5K2JhqytDmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IGB gGd4hTdHOS/Ou/OxbN1wipkz+APn8wdnp45f</latexit>
 
<latexit sha1_base64="cGDkVO0sAhsROa ozzjkOk4sr5VU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbTbt 0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsbm1vbObmmvvH9weHRcO TltmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ3dzvPHFtRKIecZryIKYjJSLBKFrJ76dj QQaVqltzFyDrxCtIFQq0BpWv/jBhWcwVMkmN6XluikFONQom+azczwxPKZvQEe9ZqmjMTZA vjp2RS6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQb5EKlGXLFlouiTBJMyPxzMh SaM5RTSyjTwt5K2JhqytDmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IGB gGd4hTdHOS/Ou/OxbN1wipkz+APn8wdnp45f</latexit>
JEM
<latexit sha1_base64="rubgp/C4rnmcR1kDcJ/8Ac4+scs=">AA AB9HicbVBNS8NAEJ34WetX1aOXYBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yPBNTrOt7W0 vLK6tp7byG9ube/sFvb26zqMFWU1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ9TgkaybvtJG1kT5hc36Vpp1B0Ss 4U9iJxM1KEDNVO4avdDWkcMIlUEK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5UpifZU/T2RkEDrceCbzoDgQM97E/E/ rxVj79JLuIxiZJLOFvViYWNoTxKwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsWRg0M4ghNw4QIqcANVqAGFR3iGV3 izRtaL9W59zFqXrGzmAP7A+vwBD+WSQA==</latexit>
JEM
<latexit sha1_base64="rubgp/C4rnmcR1kDcJ/8Ac4+scs=">AA AB9HicbVBNS8NAEJ34WetX1aOXYBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yPBNTrOt7W0 vLK6tp7byG9ube/sFvb26zqMFWU1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ9TgkaybvtJG1kT5hc36Vpp1B0Ss 4U9iJxM1KEDNVO4avdDWkcMIlUEK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5UpifZU/T2RkEDrceCbzoDgQM97E/E/ rxVj79JLuIxiZJLOFvViYWNoTxKwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsWRg0M4ghNw4QIqcANVqAGFR3iGV3 izRtaL9W59zFqXrGzmAP7A+vwBD+WSQA==</latexit>
W 0
<latexit sha1_base64="mjIhi9gjx+/hqWQ7AF/v+k/cI2Q="> AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9Vjw4rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd 1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9tM56pbJbcWcg y8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T +vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNKsV76JSvb8s167yOApwDCdwDh5cQw3uoA4NYBDCM 7zCmzNyXpx352PeuuLkM0fwB87nDxJNjQQ=</latexit>
JEM
<latexit sha1_base64="rubgp /C4rnmcR1kDcJ/8Ac4+scs=">AAAB9HicbVBNS8NAEJ34WetX1aOX YBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3 LY5aOuDgcd7M8zM8yPBNTrOt7W0vLK6tp7byG9ube/sFvb26zqMFW U1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ 9TgkaybvtJG1kT5hc36Vpp1B0Ss4U9iJxM1KEDNVO4avdDWkcMIlU EK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5Upi fZU/T2RkEDrceCbzoDgQM97E/E/rxVj79JLuIxiZJLOFvViYWNoTx Kwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsW Rg0M4ghNw4QIqcANVqAGFR3iGV3izRtaL9W59zFqXrGzmAP7A+vwB D+WSQA==</latexit>
JEM
<latexit sha1_base64="rubgp /C4rnmcR1kDcJ/8Ac4+scs=">AAAB9HicbVBNS8NAEJ34WetX1aOX YBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3 LY5aOuDgcd7M8zM8yPBNTrOt7W0vLK6tp7byG9ube/sFvb26zqMFW U1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ 9TgkaybvtJG1kT5hc36Vpp1B0Ss4U9iJxM1KEDNVO4avdDWkcMIlU EK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5Upi fZU/T2RkEDrceCbzoDgQM97E/E/rxVj79JLuIxiZJLOFvViYWNoTx Kwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsW Rg0M4ghNw4QIqcANVqAGFR3iGV3izRtaL9W59zFqXrGzmAP7A+vwB D+WSQA==</latexit>
JEM
<latexit sha1_base64="rubgp/C4rnmcR1kDcJ/8Ac4+scs=">AA AB9HicbVBNS8NAEJ34WetX1aOXYBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yPBNTrOt7W0 vLK6tp7byG9ube/sFvb26zqMFWU1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ9TgkaybvtJG1kT5hc36Vpp1B0Ss 4U9iJxM1KEDNVO4avdDWkcMIlUEK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5UpifZU/T2RkEDrceCbzoDgQM97E/E/ rxVj79JLuIxiZJLOFvViYWNoTxKwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsWRg0M4ghNw4QIqcANVqAGFR3iGV3 izRtaL9W59zFqXrGzmAP7A+vwBD+WSQA==</latexit>
JEM
<latexit sha1_base64="rubgp/C4rnmcR1kDcJ/8Ac4+scs=">AA AB9HicbVBNS8NAEJ34WetX1aOXYBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yPBNTrOt7W0 vLK6tp7byG9ube/sFvb26zqMFWU1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ9TgkaybvtJG1kT5hc36Vpp1B0Ss 4U9iJxM1KEDNVO4avdDWkcMIlUEK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5UpifZU/T2RkEDrceCbzoDgQM97E/E/ rxVj79JLuIxiZJLOFvViYWNoTxKwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsWRg0M4ghNw4QIqcANVqAGFR3iGV3 izRtaL9W59zFqXrGzmAP7A+vwBD+WSQA==</latexit> 
<latexit sha1_base64="cGDkVO0sAhsROa ozzjkOk4sr5VU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbTbt 0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsbm1vbObmmvvH9weHRcO TltmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ3dzvPHFtRKIecZryIKYjJSLBKFrJ76dj QQaVqltzFyDrxCtIFQq0BpWv/jBhWcwVMkmN6XluikFONQom+azczwxPKZvQEe9ZqmjMTZA vjp2RS6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQb5EKlGXLFlouiTBJMyPxzMh SaM5RTSyjTwt5K2JhqytDmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IGB gGd4hTdHOS/Ou/OxbN1wipkz+APn8wdnp45f</latexit>
 
<latexit sha1_base64="cGDkVO0sAhsROa ozzjkOk4sr5VU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbTbt 0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfzsbm1vbObmmvvH9weHRcO TltmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ3dzvPHFtRKIecZryIKYjJSLBKFrJ76dj QQaVqltzFyDrxCtIFQq0BpWv/jBhWcwVMkmN6XluikFONQom+azczwxPKZvQEe9ZqmjMTZA vjp2RS6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQb5EKlGXLFlouiTBJMyPxzMh SaM5RTSyjTwt5K2JhqytDmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IGB gGd4hTdHOS/Ou/OxbN1wipkz+APn8wdnp45f</latexit>
 
<latexit sha1_base64="VPFLz Pmp+Pv7WIzeai3foMPgfTQ=">AAAB7XicbVDLSgNBEJyNrxhfUY9e BoPgKexGQb0FvHiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk 2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU 2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjM C1kmt3hCEgH654lf9OfAqCXJSQTka/fJXb6BIKqi0hIMx3cBPbJiB toxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYi YhcpwA7MsveTPzP66Y2vg4zJpPUUkkWi+KUY6vw7HU8YJoSyyeOAN HM3YrJCDQQ6wIquRCC5ZdXSatWDS6qtfvLSv0mj6OITtApOkcBukJ 1dIcaqIkIekTP6BW9ecp78d69j0VrwctnjtEfeJ8/hYSPEA==</la texit>
 
<latexit sha1_base64="VPFLzPmp+Pv7WIzeai3foMPgfTQ=">AA AB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQb0FvHiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFt fWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjMC1kmt3hCEgH654lf9OfAqCXJSQT ka/fJXb6BIKqi0hIMx3cBPbJiBtoxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYiYhcpwA7MsveTPzP66Y2vg4zJpPU UkkWi+KUY6vw7HU8YJoSyyeOANHM3YrJCDQQ6wIquRCC5ZdXSatWDS6qtfvLSv0mj6OITtApOkcBukJ1dIcaqIkIekTP6BW9ecp78d69j0 VrwctnjtEfeJ8/hYSPEA==</latexit>
 
<latexit sha1_base64="VPFLz Pmp+Pv7WIzeai3foMPgfTQ=">AAAB7XicbVDLSgNBEJyNrxhfUY9e BoPgKexGQb0FvHiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk 2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU 2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjM C1kmt3hCEgH654lf9OfAqCXJSQTka/fJXb6BIKqi0hIMx3cBPbJiB toxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYi YhcpwA7MsveTPzP66Y2vg4zJpPUUkkWi+KUY6vw7HU8YJoSyyeOAN HM3YrJCDQQ6wIquRCC5ZdXSatWDS6qtfvLSv0mj6OITtApOkcBukJ 1dIcaqIkIekTP6BW9ecp78d69j0VrwctnjtEfeJ8/hYSPEA==</la texit>
 
<latexit sha1_base64="VPFLzPmp+Pv7WIzeai3foMPgfTQ=">AA AB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQb0FvHiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFt fWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjMC1kmt3hCEgH654lf9OfAqCXJSQT ka/fJXb6BIKqi0hIMx3cBPbJiBtoxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYiYhcpwA7MsveTPzP66Y2vg4zJpPU UkkWi+KUY6vw7HU8YJoSyyeOANHM3YrJCDQQ6wIquRCC5ZdXSatWDS6qtfvLSv0mj6OITtApOkcBukJ1dIcaqIkIekTP6BW9ecp78d69j0 VrwctnjtEfeJ8/hYSPEA==</latexit>
JEM
<latexit sha1_base64="rubgp /C4rnmcR1kDcJ/8Ac4+scs=">AAAB9HicbVBNS8NAEJ34WetX1aOX YBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3 LY5aOuDgcd7M8zM8yPBNTrOt7W0vLK6tp7byG9ube/sFvb26zqMFW U1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ 9TgkaybvtJG1kT5hc36Vpp1B0Ss4U9iJxM1KEDNVO4avdDWkcMIlU EK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5Upi fZU/T2RkEDrceCbzoDgQM97E/E/rxVj79JLuIxiZJLOFvViYWNoTx Kwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsW Rg0M4ghNw4QIqcANVqAGFR3iGV3izRtaL9W59zFqXrGzmAP7A+vwB D+WSQA==</latexit> JEM
<latexit sha1_base64="rubgp/C4rnmcR1kDcJ/8Ac4+scs=">AA AB9HicbVBNS8NAEJ34WetX1aOXYBE8laSKeiyIIIJQwX5AG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yPBNTrOt7W0 vLK6tp7byG9ube/sFvb26zqMFWU1GopQNX2imeCS1ZCjYM1IMRL4gjX84dXEb4yY0jyUDziOmBeQvuQ9TgkaybvtJG1kT5hc36Vpp1B0Ss 4U9iJxM1KEDNVO4avdDWkcMIlUEK1brhOhlxCFnAqW5tuxZhGhQ9JnLUMlCZj2kunRqX1slK7dC5UpifZU/T2RkEDrceCbzoDgQM97E/E/ rxVj79JLuIxiZJLOFvViYWNoTxKwu1wximJsCKGKm1ttOiCKUDQ55U0I7vzLi6ReLrmnpfL9WbFynsWRg0M4ghNw4QIqcANVqAGFR3iGV3 izRtaL9W59zFqXrGzmAP7A+vwBD+WSQA==</latexit>
 
<latexit sha1_base64="VPFLzPmp+Pv7WIzeai3foMPgfTQ=">AA AB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQb0FvHiMYB6QLKF3MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFt fWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LBThIaChhKFjMC1kmt3hCEgH654lf9OfAqCXJSQT ka/fJXb6BIKqi0hIMx3cBPbJiBtoxwOi31UkMTIGMY0q6jEgQ1YTa/dorPnDLAsdKupMVz9fdEBsKYiYhcpwA7MsveTPzP66Y2vg4zJpPU UkkWi+KUY6vw7HU8YJoSyyeOANHM3YrJCDQQ6wIquRCC5ZdXSatWDS6qtfvLSv0mj6OITtApOkcBukJ1dIcaqIkIekTP6BW9ecp78d69j0 VrwctnjtEfeJ8/hYSPEA==</latexit>
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Figure 3. The Feynman diagrams contributing to the production of W ′3 and φ after φ acquires a
vev. These diagrams are effective for T < vφ. In these diagrams, JEM is any known SM particle
that is still around at T < vφ. Note that since vφ ' 60 MeV, the only electromagnetically charged
particles that are still in the plasma and have not decayed are the electrons and protons.
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Figure 4. The Feynman diagram that shows to the production of W
′± after φ acquires a vev.
and if it is lighter than 2me, is
τ
light
' 2
73653pi3
17C2Y v
4
φα
4me
(
me
m
W ′
)9
. (21)
As can be seen in Fig. 6 (shaded blue region), for m
W ′ < 2me, this constraint is strongly restricting.
However, for m
W ′ > 2me, the BBN constraint becomes milder than the bound we get for the relic
abundance.
B. Indirect Detection
DM accumulating at the Galactic Center or near dwarf spheroidal galaxies, annihilates to W ′3:
(e.g, W
′+W
′− → W ′(∗)3 W ′3 ). Depending on the mass of W ′3, we may either have W ′3 → e+e− or
W ′3 → 3γ. An excess emission of positron may be detected by Voyager [66] and the AMS-02 [67].
As discussed in [28] and [68], any claim on the detection of DM from the excess positron suffers
from large uncertainties and it is not reliable.
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The Fermi -LAT collaboration [69, 70] is searching for the excess in photons, and Ref. [28] has de-
rived the constraint on DM coming from 6 years of Fermi -LAT observations of 15 dwarf spheroidal
galaxies. Ref. [28] has shown that the region parameter space satisfying 〈σv〉
W
′+W ′−→3γW ′3→6γ
>
2.8× 10−28cm3/s, is excluded. We can approximate this annihilation as
〈σv〉
W
′+W ′−→3γW ′3→6γ
' α
2
DC
2
Y v
4
φ
283653pi3m2
W ′
, (22)
where αD = g
2
D/(4pi). As can be seen, this cross section is extremely small and does not provide
any noteworthy bound on the parameter space.
C. Direct Detection and Collider Constraints
The cross section for W
′± to scatter on proton with W ′3 being the mediator is
σeW ′ =
8piααDC
2
Y v
4
φµ
2
eW ′
(m2
W ′ + q
2)2
, (23)
where µeW ′ ≡
m
W ′me
m
W ′+me
is the reduced mass of the DM-electron system, and q is the momentum
transfer between the DM and electron. At electron ionization experiments like SENSEI [71] and
XENON10[70], the targeted electrons are usually bound to atoms with typical velocity of a bound
electron being ve ∼ α. The minimum energy transferred required in these experiments to knock out
the bound electron and detect the DM-electron scattering is q ∼ αme. For all of our benchmarks,
we have m
W ′  αme and thus the momentum transfer can be neglected. For such heavy W ′, the
bounds are rather very mild and they do no provide any noticeable bound on our parameter space.
1. BaBar and SLAC
Another constraint on CY comes from the direct production of W
′
3 and γ at E137 [72] and
BaBar [73] experiments. Ref. [28] has worked out this constraints and has found that C2Y v
4
φ <
2.5×10−8, which means that CY < 6×10−4 GeV−2 which is much weaker bound than the ones we
have discussed so far. Since the coupling of W ′3 with W
′± does not play any role, this constraint
is oblivious to the value of gD. TheBaBar bound is shown as shaded purple in Fig. 6.
Yet, another important constraint comes from the electron beam dump experiment at SLAC [74],
which consists of a 20 GeV electron beam hitting upon a set of fixed aluminum plates. Through
the W ′3 − γ, we can create a pair of DM candidates (W
′±): eN → eNW ′∗3 → eNW
′+W
′−. The
DM would then travel through a 179 m hill, followed by 204 m of air and then would be detected
by an electromagnetic calorimeter. This process, however, is suppressed. That is because the
production of on-shell W ′3 is favored, which then would decay back to either e+e− or 3γ. The large
electron-positron pair background coming from the SM photon overwhelms the signal. The SLAC
experiment requires CY < 0.5 GeV
−2.
2. Electric Dipole Moment of neutrons
Since we can introduce a CP-odd kinetic mixing between the non-abelian fields strength and
photon (e.g., C˜Y φ
†τaφW
′µν
a Fµν), we get a constraint on C˜Y from the contribution of this scenario
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on neutron EDM. The leading contribution is shown in Fig. 5:7 Doing the calculation, we get
γ
W'
n
φ
χ n
η η
iY
C~
Figure 5. The new contribution to the Electric Dipole Moment of neutron. Since this diagram is
suppressed by η2, its contribution is very small.
dnewn '
C˜Y ivφη
2
8pi2
log
Λ2
m2W ′
(24)
where Λ2 ∼ mΦ1mΦ2 . Measurements exclude any contribution to the electric dipole moment that
exceeds dnewn < 10
−26e.cm. Given the value of m
W ′ in our benchmarks, EDM measurements require
us to C˜Y < 10
12 GeV−2, and this constraint is much weaker than perturbativity.
D. Astrophysical bounds
We have already summarized the importance of NS in constraining any model that discusses
non-standard neutron decay. Recall that to evade NS bounds we moved to models with dark vector
mediators and we had to fix m
W ′/gD ∼ 60 MeV. This constraint is presented in Fig. 6 as shaded
green.
Another astrophysical bound comes from the cooling rate of Supernova1987A (SN1987A) [75].
Through the mixing with photon, DM can be produced through the implosion of a newly born NS.
Since DM does not interact with baryonic matter strongly, it can leaves the supernova, resulting in
a faster cooling rate. If DM is produced in appreciable number, then the cooling rate can be faster
than observed. For SN1987A, the energy loss per unit mass should be smaller than 1019erg/g/s at
the temperature of the plasma, which equates roughly 10 MeV. The shaded red region in Fig. 6
illustrates the constraint coming from SN1987A.
IV. CONCLUSION
In this paper, we presented a model that can explain the discrepancy between the total decay
width of the neutron and its decay width to protons. In the Standard Model (SM), we expect
the branching ratio of n → pe−v¯e to be 100%. However, the two bottle experiment and beam
experiment which tried calculating the decay width of the neutron, one by counting the remaining
neutron and another by counting the produced protons, show a discrepancy in their results. One
7 if we had not turned off λφH coupling, we could have an arguably more important contribution to neutron
EDM.
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g
D
<latexit sha1_base64="9fC7WvV7bf8R/ZTDMhBjtg4H BgE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mthXos6MFjBfsB7bJk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9a OuDgcd7M8zMCxPOtHHdb6ewsbm1vVPcLe3tHxwelY9POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Gbud5+o0kyK BzNNqB/jkWARI9hYqTMKsuB2FpQrbtVdAK0TLycVyNEKyl+DoSRpTIUhHGvd99zE+BlWhhFOZ6VBqmmCyQSPaN9SgWO q/Wxx7QxdWGWIIqlsCYMW6u+JDMdaT+PQdsbYjPWqNxf/8/qpia79jIkkNVSQ5aIo5chINH8dDZmixPCpJZgoZm9FZI wVJsYGVLIheKsvr5NOrepdVWv39UqznsdRhDM4h0vwoAFNuIMWtIHAIzzDK7w50nlx3p2PZWvByWdO4Q+czx+HK48N< /latexit>
-2.0 -1.5 -1.0 -0.5 0.0
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BBN
<latexit sha1_base64="h0GpBC454XF9OmxUcpEdSjGbxxo=">AAAB6nicdVDLSgMxFM3 UV62vqks3wSK4Kskott2VunElFe0D2qFk0kwbmskMSUYoQz/BjQtF3PpF7vwbM20FFT1w4XDOvdx7jx8Lrg1CH05uZXVtfSO/Wdja3tndK+4ftHWUKMpaNBKR6vpEM8ElaxluBOvGipHQ F6zjTy4zv3PPlOaRvDPTmHkhGUkecEqMlW4bjetBsYTKCCGMMcwIrlwgS2q1qourEGeWRQks0RwU3/vDiCYhk4YKonUPo9h4KVGGU8FmhX6iWUzohIxYz1JJQqa9dH7qDJ5YZQiDSNmSBs 7V7xMpCbWehr7tDIkZ699eJv7l9RITVL2UyzgxTNLFoiAR0EQw+xsOuWLUiKklhCpub4V0TBShxqZTsCF8fQr/J223jM/K7o1bqp8v48iDI3AMTgEGFVAHV6AJWoCCEXgAT+DZEc6j8+K 8LlpzznLmEPyA8/YJAr2NlA==</latexit>
BaBar
<latexit sha1_base64="x9e4mQ0Tl4PIca2zTF92b/khqro=">AAAB7HicdZBNSwMxEIZ n/az1q+rRS7AInpZtVfRY6sVjBbcttEuZTdM2NJtdkqxQSn+DFw+KePUHefPfmG23oKIvBF6emSEzb5gIro3nfTorq2vrG5uFreL2zu7efungsKnjVFHm01jEqh2iZoJL5htuBGsnimEU CtYKxzdZvfXAlOaxvDeThAURDiUfcIrGIr+OdVS9UtlzL71MxHO9pclJJSdlyNXolT66/ZimEZOGCtS6U/ESE0xRGU4FmxW7qWYJ0jEOWcdaiRHTwXS+7IycWtIng1jZJw2Z0+8TU4y0nk Sh7YzQjPTvWgb/qnVSM7gOplwmqWGSLj4apIKYmGSXkz5XjBoxsQap4nZXQkeokBqbT9GGsLyU/G+aVbdy7lbvquXaRR5HAY7hBM6gAldQg1togA8UODzCM7w40nlyXp23ReuKk88cwQ8 5719tHI5i</latexit>
Supernova
<latexit sha1_base64="DKEfcasIid/in2Ir9xR3pHUUGDI=">AAAB8XicdVDLSsNAFJ3 4rPVVdelmsAiuQpKGtu4KblxWtA9sQ5lMJ+3QyUyYmRRK6F+4caGIW//GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dt5VIJSYtLJiQ3RApwignLU01I91EEhSH jHTCyVXud6ZEKir4nZ4lJIjRiNOIYqSNdH+bJkRyMUVwUCo79mW96vlV6NiOU3M9Nydeza/40DVKjjJYoTkovfeHAqcx4RozpFTPdRIdZEhqihmZF/upIgnCEzQiPUM5iokKssXFc3hulC GMhDTFNVyo3ycyFCs1i0PTGSM9Vr+9XPzL66U6qgcZ5UmqCcfLRVHKoBYwfx8OqSRYs5khCEtqboV4jCTC2oRUNCF8fQr/J23Pdiu2d+OVG/4qjgI4BWfgArigBhrgGjRBC2DAwQN4As+ Wsh6tF+t12bpmrWZOwA9Yb5/QLpD3</latexit>
0.01
<latexit sha1_base64="ve5raP33EN3cAESmIhO9tMpvVfs=">AAAB63icbVDLSgMxFL1 TX7W+qi7dBIvgqsxUQZcFNy4r2Ae0Q8mkmTY0jyHJCGXoL7hxoYhbf8idf2OmnYW2Hgg5nHMv994TJZwZ6/vfXmljc2t7p7xb2ds/ODyqHp90jEo1oW2iuNK9CBvKmaRtyyynvURTLCJO u9H0Lve7T1QbpuSjnSU0FHgsWcwItrnk1/1gWK25bwG0ToKC1KBAa1j9GowUSQWVlnBsTD/wExtmWFtGOJ1XBqmhCSZTPKZ9RyUW1ITZYtc5unDKCMVKuyctWqi/OzIsjJmJyFUKbCdm1c vF/7x+auPbMGMySS2VZDkoTjmyCuWHoxHTlFg+cwQTzdyuiEywxsS6eCouhGD15HXSadSDq3rjoVFrXhdxlOEMzuESAriBJtxDC9pAYALP8ApvnvBevHfvY1la8oqeU/gD7/MHviqNVQ= =</latexit>
0.1
<latexit sha1_base64="/NjvaqikG/riz5R8Hje5bX3Lcxc=">AAAB6nicbVBNS8NAEJ3 4WetX1aOXxSJ4CkkV9Fjw4rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1QqpRcIlNw43ATqqQxqHA dji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9eK7fr1Q915uDrBK/IFUo0OhXvnqDhGUxSsME1brre6kJcqoMZwKn5V6mMaVsTIfYtVTSGHWQz0+dknOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjve zNxP+8bmaimyDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HTKNgR/+eVV0qq5/qVbu69V61dFHCU4hTO4AB+uoQ530IAmMBjCM7zCmyOcF+fd+Vi0rjnFzAn8gfP5A0/0jRs =</latexit>
1
<latexit sha1_base64="7baFkiMwBK8DcEViw2zstn1/EIM=">AAAB6HicbVBNS8NAEJ3 Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoE doLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9e bif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jpp16reVbXWrFXq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBdxWMqQ= =</latexit>
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<latexit sha1_base64="h0GpBC454XF9OmxUcpEdSjGbxxo=">AAAB6nicdVDLSgMxFM3 UV62vqks3wSK4Kskott2VunElFe0D2qFk0kwbmskMSUYoQz/BjQtF3PpF7vwbM20FFT1w4XDOvdx7jx8Lrg1CH05uZXVtfSO/Wdja3tndK+4ftHWUKMpaNBKR6vpEM8ElaxluBOvGipHQ F6zjTy4zv3PPlOaRvDPTmHkhGUkecEqMlW4bjetBsYTKCCGMMcwIrlwgS2q1qourEGeWRQks0RwU3/vDiCYhk4YKonUPo9h4KVGGU8FmhX6iWUzohIxYz1JJQqa9dH7qDJ5YZQiDSNmSBs 7V7xMpCbWehr7tDIkZ699eJv7l9RITVL2UyzgxTNLFoiAR0EQw+xsOuWLUiKklhCpub4V0TBShxqZTsCF8fQr/J223jM/K7o1bqp8v48iDI3AMTgEGFVAHV6AJWoCCEXgAT+DZEc6j8+K 8LlpzznLmEPyA8/YJAr2NlA==</latexit>
BaBar
<latexit sha1_base64="x9e4mQ0Tl4PIca2zTF92b/khqro=">AAAB7HicdZBNSwMxEIZ n/az1q+rRS7AInpZtVfRY6sVjBbcttEuZTdM2NJtdkqxQSn+DFw+KePUHefPfmG23oKIvBF6emSEzb5gIro3nfTorq2vrG5uFreL2zu7efungsKnjVFHm01jEqh2iZoJL5htuBGsnimEU CtYKxzdZvfXAlOaxvDeThAURDiUfcIrGIr+OdVS9UtlzL71MxHO9pclJJSdlyNXolT66/ZimEZOGCtS6U/ESE0xRGU4FmxW7qWYJ0jEOWcdaiRHTwXS+7IycWtIng1jZJw2Z0+8TU4y0nk Sh7YzQjPTvWgb/qnVSM7gOplwmqWGSLj4apIKYmGSXkz5XjBoxsQap4nZXQkeokBqbT9GGsLyU/G+aVbdy7lbvquXaRR5HAY7hBM6gAldQg1togA8UODzCM7w40nlyXp23ReuKk88cwQ8 5719tHI5i</latexit>
Supernova
<latexit sha1_base64="DKEfcasIid/in2Ir9xR3pHUUGDI=">AAAB8XicdVDLSsNAFJ3 4rPVVdelmsAiuQpKGtu4KblxWtA9sQ5lMJ+3QyUyYmRRK6F+4caGIW//GnX/jpK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dt5VIJSYtLJiQ3RApwignLU01I91EEhSH jHTCyVXud6ZEKir4nZ4lJIjRiNOIYqSNdH+bJkRyMUVwUCo79mW96vlV6NiOU3M9Nydeza/40DVKjjJYoTkovfeHAqcx4RozpFTPdRIdZEhqihmZF/upIgnCEzQiPUM5iokKssXFc3hulC GMhDTFNVyo3ycyFCs1i0PTGSM9Vr+9XPzL66U6qgcZ5UmqCcfLRVHKoBYwfx8OqSRYs5khCEtqboV4jCTC2oRUNCF8fQr/J23Pdiu2d+OVG/4qjgI4BWfgArigBhrgGjRBC2DAwQN4As+ Wsh6tF+t12bpmrWZOwA9Yb5/QLpD3</latexit>
0.01
<latexit sha1_base64="ve5raP33EN3cAESmIhO9tMpvVfs=">AAAB63icbVDLSgMxFL1 TX7W+qi7dBIvgqsxUQZcFNy4r2Ae0Q8mkmTY0jyHJCGXoL7hxoYhbf8idf2OmnYW2Hgg5nHMv994TJZwZ6/vfXmljc2t7p7xb2ds/ODyqHp90jEo1oW2iuNK9CBvKmaRtyyynvURTLCJO u9H0Lve7T1QbpuSjnSU0FHgsWcwItrnk1/1gWK25bwG0ToKC1KBAa1j9GowUSQWVlnBsTD/wExtmWFtGOJ1XBqmhCSZTPKZ9RyUW1ITZYtc5unDKCMVKuyctWqi/OzIsjJmJyFUKbCdm1c vF/7x+auPbMGMySS2VZDkoTjmyCuWHoxHTlFg+cwQTzdyuiEywxsS6eCouhGD15HXSadSDq3rjoVFrXhdxlOEMzuESAriBJtxDC9pAYALP8ApvnvBevHfvY1la8oqeU/gD7/MHviqNVQ= =</latexit>
0.1
<latexit sha1_base64="/NjvaqikG/riz5R8Hje5bX3Lcxc=">AAAB6nicbVBNS8NAEJ3 4WetX1aOXxSJ4CkkV9Fjw4rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1QqpRcIlNw43ATqqQxqHA dji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9eK7fr1Q915uDrBK/IFUo0OhXvnqDhGUxSsME1brre6kJcqoMZwKn5V6mMaVsTIfYtVTSGHWQz0+dknOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjve zNxP+8bmaimyDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HTKNgR/+eVV0qq5/qVbu69V61dFHCU4hTO4AB+uoQ530IAmMBjCM7zCmyOcF+fd+Vi0rjnFzAn8gfP5A0/0jRs =</latexit>
1
<latexit sha1_base64="7baFkiMwBK8DcEViw2zstn1/EIM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeL w3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jpp16re VbXWrFXq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBdxWMqQ==</latexit>
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<latexit sha1_base64="b/PfMfOOgPai7e3AvqBYu8pOg34=">AAAB9HicdVBNSwMxEM3Wr1q/qh69BIvgacm2rK23ghdPUtHaQruUbJq2odnsmswWSunv8OJBEa/+GG/+G9MPQUUfDDzem2FmXphIYYCQDyezsrq2vpHdzG1t7+zu5fcP7kycasbrLJaxbobUcCkUr4MAyZuJ5jQKJW+Ew4uZ3xhxbUSsbmGc8CCifSV6glGwUnDFU9CxwjdAtenkC8Qlvlf2fUzcUuXcJxVLCDmrkCL2LJmhgJaodfLv7W7M0ogrYJIa0/JIAsGEahBM8mmunRqeUDakfd6yVNGIm2AyP3qKT6zSxb1Y21KA5+r3iQmNjBlHoe2MKAzMb28m/uW1UuhVgolQSQpcscWiXioxxHiWAO4KzRnIsSWUaWFvxWxANWVgc8rZEL4+xf+Tu6LrldzidbFQdZdxZNEROkanyENlVEWXqIbqiKF79ICe0LMzch6dF+d10ZpxljOH6Aect08l2pJK</latexit>
N
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tr
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ta
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<latexit sha1_base64="b/PfMfOOgPai7e3AvqBYu8pOg34=">AAAB9HicdVBNSwMxEM3Wr1q/qh69BIvgacm2rK23ghdPUtHaQruUbJq2odnsmswWSunv8OJBEa/+GG/+G9MPQUUfDDzem2FmXphIYYCQDyezsrq2vpHdzG1t7+zu5fcP7kycasbrLJaxbobUcCkUr4MAyZuJ5jQKJW+Ew4uZ3xhxbUSsbmGc8CCifSV6glGwUnDFU9CxwjdAtenkC8Qlvlf2fUzcUuXcJxVLCDmrkCL2LJmhgJaodfLv7W7M0ogrYJIa0/JIAsGEahBM8mmunRqeUDakfd6yVNGIm2AyP3qKT6zSxb1Y21KA5+r3iQmNjBlHoe2MKAzMb28m/uW1UuhVgolQSQpcscWiXioxxHiWAO4KzRnIsSWUaWFvxWxANWVgc8rZEL4+xf+Tu6LrldzidbFQdZdxZNEROkanyENlVEWXqIbqiKF79ICe0LMzch6dF+d10ZpxljOH6Aect08l2pJK</latexit>
N
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<latexit sha1_base64="b/PfMfOOgPai7e3AvqBYu8pOg34=">AAAB9HicdVBNSwMxEM3Wr1q/qh69BIvgacm2rK23ghdPUtHaQruUbJq2odnsmswWSunv8OJBEa/+GG/+G9MPQUUfDDzem2FmXphIYYCQDyezsrq2vpHdzG1t7+zu5fcP7kycasbrLJaxbobUcCkUr4MAyZuJ5jQKJW+Ew4uZ3xhxbUSsbmGc8CCifSV6glGwUnDFU9CxwjdAtenkC8Qlvlf2fUzcUuXcJxVLCDmrkCL2LJmhgJaodfLv7W7M0ogrYJIa0/JIAsGEahBM8mmunRqeUDakfd6yVNGIm2AyP3qKT6zSxb1Y21KA5+r3iQmNjBlHoe2MKAzMb28m/uW1UuhVgolQSQpcscWiXioxxHiWAO4KzRnIsSWUaWFvxWxANWVgc8rZEL4+xf+Tu6LrldzidbFQdZdxZNEROkanyENlVEWXqIbqiKF79ICe0LMzch6dF+d10ZpxljOH6Aect08l2pJK</latexit>
Benchmark A1
<latexit sha1_base64="93jxs6 +HhpSk4Pf2KvNSQ8Z8iEY=">AAAB/nicbVBNSwMxEM36WevXqnjyEi yCp7JbBT1WvXisYD+gXUo2zbahSXZJZsWyFPwrXjwo4tXf4c1/Y9ruQ VsfDDzem2FmXpgIbsDzvp2l5ZXVtfXCRnFza3tn193bb5g41ZTVaSxi 3QqJYYIrVgcOgrUSzYgMBWuGw5uJ33xg2vBY3cMoYYEkfcUjTglYqe seXjNFB5LoIe4Ae4Qwyq78cdcteWVvCrxI/JyUUI5a1/3q9GKaSqaAC mJM2/cSCDKigVPBxsVOalhC6JD0WdtSRSQzQTY9f4xPrNLDUaxtKcB T9fdERqQxIxnaTklgYOa9ifif104hugwyrpIU7JezRVEqMMR4kgXucc 0oiJElhGpub8V0QDShYBMr2hD8+ZcXSaNS9s/KlbtKqXqex1FAR+gY nSIfXaAqukU1VEcUZegZvaI358l5cd6dj1nrkpPPHKA/cD5/APY0lW8 =</latexit>
Benchmarks A2& B1&B2
<latexit sha1_base64="L8h3i/MYadJF/x9PaDTy75zoooc=">AAA CGnicbVBLS8NAEN74rPUV9ehlsSieShIFPdZ68VjBPqANZbPdtEs3D3YnYgn5HV78K148KOJNvPhv3LahaOvAwveYYXY+LxZcgWV9G0vLK6tr 64WN4ubW9s6uubffUFEiKavTSESy5RHFBA9ZHTgI1oolI4EnWNMbXo/95j2TikfhHYxi5gakH3KfUwJa6pp2lYV0EBA5VLgD7AE8P71yss7Jj FVtzWbEybpmySpbk8KLwM5BCeVV65qfnV5Ek4CFQAVRqm1bMbgpkcCpYFmxkygWEzokfdbWMCQBU246OS3Dx1rpYT+S+oWAJ+rviZQESo0CT3c GBAZq3huL/3ntBPxLN+VhnIBOYLrITwSGCI9zwj0uGQUx0oBQyfVfMR0QSSjoNIs6BHv+5EXQcMr2Wdm5dUqV8zyOAjpER+gU2egCVdANqqE6 ougRPaNX9GY8GS/Gu/ExbV0y8pkD9KeMrx/9zqDI</latexit> Benchmarks C
<latexit sha1_base64="eVh0U1DrXQ1MNgL0JIM2gy4Tnls=">AAA B/nicbVBNSwMxEM36WevXqnjyEiyCp7JbBT0We/FYwX5Au5Rsmm1Dk+ySzIplKfhXvHhQxKu/w5v/xrTdg7Y+GHi8N8PMvDAR3IDnfTsrq2vr G5uFreL2zu7evntw2DRxqilr0FjEuh0SwwRXrAEcBGsnmhEZCtYKR7Wp33pg2vBY3cM4YYEkA8UjTglYqece3zBFh5LokcFdYI8QRllt0nNLX tmbAS8TPycllKPec7+6/ZimkimgghjT8b0Egoxo4FSwSbGbGpYQOiID1rFUEclMkM3On+Azq/RxFGtbCvBM/T2REWnMWIa2UxIYmkVvKv7ndVK IroOMqyQF++V8UZQKDDGeZoH7XDMKYmwJoZrbWzEdEk0o2MSKNgR/8eVl0qyU/Yty5a5Sql7mcRTQCTpF58hHV6iKblEdNRBFGXpGr+jNeXJe nHfnY9664uQzR+gPnM8fXlCVsw==</latexit>
⌦W 0 + ⌦  > ⌦total DM
<latexit sha1_base64="CuXs7dvFJXQojZ+R003ligM3B4Y=">AAACH3icdVBdaxNBFJ2NrcZobWoffR kaRKGwzCbpmrxIQB98kUZoPiAJYXZykwyd/WDmbjEs+0988a/0xYcWEd/ybzr5Qlv0wMC559zLnXuCREmDjC2dwqO9/cdPik9Lz54fvDgsH73smjjVAjoiVrHuB9yAkhF0UKKCfqKBh4GCXnD5YeX3rkAbGUcXuEhgFP JZJKdScLTSuOwPz0OY8XHWe5PTU7qrhslc5vT9nxrhK2YYI1f04+c8H5crzG02Wd3zKXPPGKv6TUtYrdrwfeq5bI0K2aI9Lv8eTmKRhhChUNyYgccSHGVcoxQK8tIwNZBwcclnMLA04iGYUba+L6evrTKh01jbFyFdq 39PZDw0ZhEGtjPkODcPvZX4L2+Q4rQxymSUpAiR2CyapopiTFdh0YnUIFAtLOFCS/tXKuZcc4E20pINYXcp/T/pVl2v5la/1Cut5jaOInlFTshb4pF3pEU+kTbpEEG+kWtyQ26d784P56fza9NacLYzx+QenOUdvVii 1A==</latexit> ⌦W 0 + ⌦  > ⌦total DM
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Figure 6. These plots show the constraints from various experiments on different benchmarks.
As we can see the most important constraints comes from Relic abundance (Orange), and Neutron
Stars (Green) [28, 46]. For the case where m
W ′ < 2me, BBN [65] puts significant restrictions on
the parameter space. The bounds coming from SN1987A [75] andBaBar [73] are also shown in Red
and Purple, respectively. The rest of the bounds discussed are much weaker than these bounds and
are not presented here. The constraints are very sensitive to the value of m
W ′ , but the value of mφ
does not change the bounds in a visible way. Thereby, we presented the bounds for benchmarks
A2,B1, and B2 together.
potential answer could be that neutrons decay to dark sector (DS) particles with a branching
ratio of 1%. The observation of large neutron stars with radius of two solar radius leads us to
only consider DS models with vector mediators to ensure a repulsive interaction between dark
matter (DM) candidates as well as between DM and neutrons. A dark U(1)D gauge has already
been discussed in details and has been shown the resulting free parameter space is very small.
The important constraints on this scenario comes from the measurements of Cosmic Microwave
Background (CMB) and Big Bang Nucleosynthesis (BBN) which strongly disfavor the existence of
a light degree of freedom in large abundance at late times. To avoid these constraints, we considered
the production of DS through freeze-in mechanism. Even with freeze-in, however, we showed that
the region of the parameter space that explains the neutron decay anomaly will necessarily lead
to the over production of χ– the fermionic DM candidate in our theory. Thereby, we considered a
low Tmax( e.g, Tmax ∼ mχ). This temperature is valid according to the current constraints on the
reheat temperature of the universe.
Since χ in this model cannot account for the relic abundance of DM in the early universe, we
considered a DS with gauged SU(2)D. The extra degrees of freedom in this model can successfully
account for the observed relic abundance of DM. Yet, the number of free parameters in this model
is very much like gauged U(1)D, due to the intricate relationship between the particles of DS.
One important advantage of DS scenarios that attempt to explain another theoretical or ex-
perimental anomaly is that the freedom over the new parameter space becomes much smaller. In
this paper, we only had a few free parameters we could play with: the kinetic mixing coupling, the
dark gauge coupling and m
W ′ which could vary over a small region. For mW ′ > 2me, satisfying
the right relic abundance gave the best bound on the kinetic mixing between the two sectors. for
lighter W ′3 (mW ′ < 2me), BBN constraints became much more significant. The main constraint
on gD is from making sure the self interaction of DM, as well as the interaction between DM and
14
neutrons are repulsive enough that they do not change the equation of state of large neutron stars
significantly.
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Appendix A: The squared Matrix Elements of the processes that produce W ′ and
φ for T < vφ.
The exact Matrix Element of the processes presented in Fig. 3 and Fig. 4 are the following:
|M|2
J
EM
J
EM
→φW ′ =
Q2C2Y v
2
φ
4
(gDvφ +
√
s)2
2m2
W ′ (4s
2 + 5s(t+ u)− 5tu) + 5s(s− t)2
m2
W ′s
2
|M|2γJ
EM
→J
EM
W ′ =
Q4C2Y v
4
φ
4
(2m2
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W ′ (s+ 4(t+ u))− 20m
4
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8
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2 + 8s(t+ u) + 11t2 + 10tu+ 11u2)
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2 + 2tu+ 3u2) + s2(s2 − (t− u)2)
)
,
where the Mandeslestam (s, t, u) variables are defined as usual:
s = 4(T 2 +m2
SM
)
t = −2(T 2 +m2
SM
) + 2T
√
T 2 +m2
SM
−m2
W ′ (cos θ) +m
2
SM
+m2
W ′
u = −2(T 2 +m2
SM
)− 2T
√
T 2 +m2
SM
−m2
W ′ (cos θ) +m
2
SM
+m2
W ′ .
In the limit where s t, u and vφ >
√
s > m2
SM
(T = 0), we get
|M|2
J
EM
J
EM
→φW ′ '
Q2C2Y v
2
φ(gDvφ +
√
s)2s
m2W ′
|M|2γJ
EM
→J
EM
W ′ ' 2
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4
φ s
m2
W ′
|M|2
J
EM
J
EM
→W ′+W ′−
' g
2
DQ
2C2Y v
4
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2
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W ′
.
Given that for all of our benchmarks vφ is at least an order of magnitude greater than mW ′
and mφ, we can ignore mfinal in some of the cases of our interest. The yield, thus, becomes the
15
following:
Y
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= Y
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W ′ + YJ
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